The neuronal form of the enzyme nitric oxide synthase (nNOS) synthesizes the messenger molecule nitric oxide (NO). In addition to NO formation, nNOS exhibits a socalled NADPH-diaphorase (NADPH-d) activity. This study focused on the characterization of NADPH-d activity with regard to NO formation in the rat olfactory bulb. In this area of the brain pronounced Staining is localized in discrete populations of neuronal somata and in olfactory glomeruli. Diaphorase staining combined with demonstration of nNOS by polyclonal antibodies revealed that NADPH-d activity of neuron somata is associated with & ' O S immunoreactivity.
Introduction
There is increasing interest in the role of nitric oxide (NO) as a novel type of intra-and intercellular messenger. NO mediates receptor-stimulated cGMP formation (Spessert et al., 1993; Breer et al., 1992; Garthwaite et al., 1988) and contributes to the cytotoxic and cytostatic actions of macrophages (for review see Moncada et al., 1991) . In the brain, NO is synthesized from a terminal guanidino nitrogen of Larginine by the brain nitric oxide synthase (NOS) . NO formation requires nicotinamide adenine dinucleotide phosphate (NADPH), tetrahydrobiopterin (H4biopterin) (Heinzel et al., 1992; Schmidt et al. 1992a) , Ca2+, and calmodulin (Mayer et al., 1991 Bredt and Snyder, 1990) . The enzyme is inhibited by various L-arginine antagonists (Knowles et al., 1989) and by the electron acceptors nitroblue tetrazolium (NBT) (Klatt Supported by grants from the Deutsche Fonchungsgemeinschaft (Sp Correspondence to: R. Spessert, Dept. of Anatomy, Johannes Guten-403/1-2). berg U., 55099 Maim, Germany. of neuron somata is due to nNOS. Cytochrome C, miconazole, EGTA, and trifluoperazine, which have been reported to inhibit cytochrome P450 reductase activity of NOS, did not affect NADPH-d staining. Hence, NADPH-d activity of NOS does not involve cytochrome P450 reductase activity as requited for NO formation. Contrary to NADPH-d activity of neuron somata, staining of olfactory glomeruli was not CO-localized with nNOS immunoreactivity. Glomerular staining was also observed in the presence of p-NADH and a-NADPH. Further, it was unchanged in the presence of the NO formation inhibitor DPIP. Hence, the glomerular staining in the presence of NADPH is not due to the NADPH-d activity of NOS. We conclude that staining of neuronal structures in the presence of NADPH does not necessarily represent NADPH-d activity of NOS. (JHsro-&em Cprochem 42569-575, 1994) KEY WORDS: NADPH-diaphorase; Nitric oxide synthase; Inhibitors of nitric oxide synthase; Rat olfactory bulb. Schmidt et al.. 1992a ) and dichlorophenolindophenol (DPIP) (Klatt et al., 1992a) . Moreover, recent investigations have demonstrated that NOS possesses cytochrome P450 reductase activity Klatt et al., 1992a; Bredt et al. 1991a) and that NO formation is depressed in the presence of cytochrome P450 reductase inhibitors cytochrome C and miconazole (Klatt et al., 1992a,b) . In the presence of relatively high concentrations of NADPH, NOS can also reduce NBT to the water-insoluble dye nitroblue tetrazolium formazan (NBTF). This so-called NADPHdiaphorase (NADPH-d) activity of the enzyme is characterized by an absolute requirement for NADPH and can easily be detected histochemically at the light microscopic level (for review see Pearse, 1972) . Biochemical investigations have shown that, in contrast to NO formation, NADPH-d activity does not seem to require Ca2+ or calmodulin (Schmidt et al., 1992a) .
In this study we focused on the histochemical characterization of NADPH-d activity and on the question of how NADPH-d activity interrelates with NO formation. Therefore, we investigated the effects of various inhibitors of NO synthesis on NADPH-d activity in the rat olfactory bulb. This area of the brain shows strong SPESSERT, WOHLGEMUTH, REUSS, LAYES diaphorase staining localized in discrete specific neuronal somata (including periglomerular cells. superficial short axon cells, and deep short axon cells) and to olfactory glomeruli (Villalba et al., 1989; Croul-Ottmann and Brunjes, 1988; Scott et al., 1987) . It therefore may provide a suitable means by which to visualize possible effects on NADPH-d activity.
Materials and Methods
Materials. Male Sprague-Dawley rats weighing 230-260 g were obtained from the Zentralinstitut fiir Versuchstierzucht (Hannover, Germany).
B-NADPH, B-NADH, NBT, cytochrome C (type 111 from horse heart). miconazole, EGTA. trifluoperazine (TFP), L-monomethyl-Larginine (LNMMA), DPIP, dicoumarol (DT), and normal serum were purchased from Sigma (Deisenhofen, Germany). Neuronal NOS antiserum was obtained from Laboserv (Giessen, Germany). Biotinylated anti-rabbit antibody was purchased from Amersham (Braunschweig, Germany) and streptavidin-biotin-horseradish peroxidase complex was purchased from Vector Laboratories (Wiesbaden, Germany).
Tissue Preparation and Enzyme Histochemistry. Rats were kept under standard laboratory conditions for 2 weeks before the day of experimentation. At the middle of the light period, animals were anesthetized with tribromethanol(O.3 mglkg). Rats were perfused transcardidly with 150 ml 0.9% saline, to which 15,000 IUlliter heparin was added, followed by 250 ml of an ice-cold fixative containing 4% paraformaldehyde, 75 mM D,Llysine, 10 mM sodium periodate, and 0.9% saline in 100 mM phosphate buffer, pH 7.4 (PBS) (MCLCan and Nakane, 1974). The entire olfactory bulb was then cut off from the frontal pole of the cerebrum and placed for 2 hr in 10% phosphate-buffered sucrose solution, for 2 hr in 20% phosphatebuffered sucrose, and in 30% sucrose at 4'C until use. Thirty-pm frontal sections through the bulbs were cut on a freezing microtome and collected in PBS.
NADPH-d Activity. The standard histochemical reaction for NADPH-d activity consisted of incubating the free-floating sections for 15 min at 37'C in 50 mM %is-HC1, pH 8, and then for 60 min at 37°C in 1 mM e-NADPH and 0.8 mM NBT in 50 mM Tris-HC1, pH 8. Histochemical reactions in the absence of P-NADPH or NBT served as controls. hunohistochemical procedun. Immunocytochemistry for nNOS was performed using apolyclonal rabbit antibody against nNOS from rat cerebellum. After rinsing in PBS, tissue sections were incubated with 3% H202 to inactivate endogenous peroxidases and then blocked with 1% normal serum. Then sections were rinsed in PBS and incubated for 48 hr at room temperature (RT) in primary antibody (1:3000) in PBS to which 1% normal serum and 0.1% Triton was added. After rinsing in PBS, immunoreactions were visualized by use of a biotinylated anti-rabbit antibody (1200; 1.5 hr at RT in PBS to which 1% normal serum was added), a sueptavidin-biotin-horseradish peroxidase complex (1 hr at RT in PBS to which 1% normal serum was added), diaminobenzidine (in 0.1 M Tris-HC1, pH 7.2). and H202. Immunohistochemical reactivity in the absence of nNOS antiserum served as control. To test whether nNOS and NADPH-d are colocalized, we used two different suategies. (a) We immunostained sections for nNOS and then reacted them for NADPH-d activity as described abow. Photomicrographs were taken before and after the histochemical procedure. (b) We immunostained sections for nNOS, reacted them for NADPH-d as described a h , and incubated them in 100% dimcthylformamide (5oT.
NAD(P)H
48 hr) to remove NADPH-d staining. Photomicrographs were taken before and after the histochemical staining was removed.
Results

Normal NADPH-daphorase Staining
NADPH-d activity stained the cell somata. In the somata of periglomerular cells, nuclei were not stained. In many cases NADPH-d-positive axons and dendrites were visible for thousands of micrometers and displayed a fine meshwork, apparently contacting neighboring neurons. No NADPH-d staining was observed when NADPH or NBT was eliminated from incubation media. Within the glomerular layer (GL), the intensity of glomerular staining varied considerably. It was most pronounced in the dorsal and medial part of the bulb. Staining of the glomeruli appeared to be associated with diaphorase activity of primary olfactory sensory axons entering glomeruli. NADPH-d-stained small cells were located around and between glomeruli ( Figure 1A) . These cells exhibited ovoid somata and intraglomerular dendrites that sczcely contributed to glomerular staining. Previous studies suggest that such locations and features characterize periglomerular cells (PC). A few larger, intensely stained multipolar NADPH-d-stained cells ( Figure 1B) were seen in the GL and the external plexiform layer (EPL). This cell type has been suggested to correspond to the superficial short axon cell (SSAC). Larger, intensely stained bior multipolar NADPH-d-stained neurons were scattered throughout the inner half of the granule cell layer (GCL) and the subependymal layer (SUB), corresponding to the so-called deep short axon cell type (DSAC) ( Figure IC) . Multipolar NADPH-d-positive neurons had processes in all directions, whereas the bipolar cell type was characterized by processes parallel to the layering of the olfactory bulb. We did not find clear NADPH-d activity located in granule cells. There was no staining of mitral cells. ' Pcriglomcrular cells.
Diaphorase Activity in the Presence of NADPH Analogues
'Superficial plus deep shon =on cells.
Efects of DPIR Cytocbrome C, Miconazole, EGTA, L-NMMA, and Trifluoperazine on Diaphorase Staining
We did not detect any staining of neurons in the pmence of the NO formation inhibitor DPIP ( K x q n J ,~l q n . M~~O o l q h m , h y D d w n J l y r r l l ) ( I c T r d b . N c I D p H ( # o I l p ( q o l q h m ,~  r r l l~r d b N A D n ( W o~b . W d , ) l . g b n r J r Y n h g r~h l r p r r n o d b o l l~m d b N A D n , r r h n r l p d l h a l l o r n l 
NADPH-diaphorase Activity in Comparison with nNOS Immunostuining
Immunocytochemistry for nNOS stained cell somata and their dendrites and axons. Most prominent nNOS immunoreactivity was found in PC. in SSAC. and in DSAC of the olfactory bulb. All the examined NADPH-d-positive neurons showed nNOS immunoreactivity and all the investigated nNOS-positive neurons exhibited NADPH-d activity ( Figures 3A and 3B ). We did not observe immunoreactivity in the olfactory glomeruli, with the restriction that immunoreactive processes of PC and SSAC entered the glomeruli (Figures 3C and 3D ).
Discussion
In agreement with earlier reports, intensive staining in the presence of NADPH was located in PC. SSAC, DSAC, and glomeruli of the rat olfactory bulb (Davis. 1991; Croul-Ottmann and Brunjes, 1988; Scott et al., 1987) . Since staining of the neuronal somata was co-localized with nNOS, it is strongly suggested that this represents NADPH-d activity of NOS. In contrast, olfactory glomeruli did not contain nNOS. Hence, staining of the glomeruli is not due to NADPH-d activity of NOS. In the presence of NADH, neurons did not stain, whereas glomeruli exhibited strong diaphorase activity. Since it has been determined that NADPH-d activity is dependent on NADPH and does not utilize NADH (for review see Pearse, 1972) , we conclude that neurons exhibit NADPH-d activity, whereas glomeruli display nonspecific diaphorase activity which may or may not be accompanied by NOS-independent NADPH-d activity. This notion is in line with a study in which differences in the diaphorase staining of neuronal somata and glomeruli have been reported (Scott et al., 1987) .
NADPH-d activity of neuronal somata can utilize both f3-NADPH and deamino-NADPH but not the stereoisomer a-NADPH. Hence, neuronal NADPH-d possesses a pronounced stereospecificity for P-NADPH. Since high concentrations of a-NADPH inhibit P-NADPH-induced NADPH-d activity, it seems likely that a-NADPH prevents binding and/or conversion of It has been reported (Hope and Vincent, 1989 ) that in the rat striatum, NADPH-d of neuronal somata utilizes both pand a-NADPH. The disuepancy regarding the utilization of a-NADPH might be due to tissue-specific differences, to the existence of d f i rent NADPH-dependent enzymes, to differences in the tissue preparation, or to contamination of a-NADPH with p-NADPH. Our finding that olfactory glomeruli could utilize all NADPH analogues tested is in line with the notion that they mainly display nonspecific diaphorase activity.
We were unable to detect NADPH-d activity in neuronal somata after treatment with DPIP. Hence, DPIP depresses NADPH-d activity. The inhibitory effect of DPIP was unchanged in the presence of the DT-diaphorase inhibitor dicoumarol (Schultzberg et al., 1988) . Therefore, the inhibitory effect of DPIP was not due to possible NADPH-consuming reduction of DPIP by DT-diaphorases. The effectiveness of DPIP on NADPH-d activity (this study) and NO synthesis (Klatt et al., 1992a) supports the notion that both NADPH-d activity and NO synthesis are exhibited by the same enzyme (NOS) and that NADPH-d provides a suitable marker for NO-synthesizing neurons (Schmidt et al., 1992b; Vincent and Kimura, 1992; Bredt et al., 1991b; Hope et al., 1991) . Both DPIP and NBT are believed to function as electron acceptors from NOS (Klatt et al., 1992a) . Therefore, it is suggested that they compete with each other for electrons originating from the NADPH-dmediated oxidation of NADPH. Since electron transfer to NBT involves putative dihydropteridin reductase activity (Schmidt et al., 1992a) , we suggest that DPIP is also reduced by a similar mechanism.
Glomerular staining was unchanged in the presence of DPIP. This finding supports the notion that glomerular staining did not represent NADPH-d activity of NOS.
Miconazole and cytochrome C did not affect NADPH-d activity ofneuronal somata. Since miconazole inhibits cytochrome P450dependent enzymes (Andronik-Lion et al., 1992) and cytochrome C is thought to act as an electron acceptor from cytochrome P450 reductase (Iyanagi and Mason, 1973) , NADPH-d activity appears not to involve cytochrome P450 reductase activity. According to this notion, NADPH-d activity is independent of Ca2+ and calmodulin (Schmidt et al., 1992a,c; Hope and Vincent 1989 ; and the present study), whereas cytochrome P450 reductase activity requires Ca2+ and calmodulin (Klatt et al., 1992a) . Taken together, it seems that NOS possesses two distinct reductase activities: (a) a Ca*'/calmodulin-independent reductase activity which can be inhibited by DPIP and which resembles NADPH-d activity; and (b) a Ca2'/calmodulin-dependent cytochrome P450 reductase activity. Since NO formation is depressed in the presence of both NADPH-d and cytochrome P450 reductase inhibitors, NO formation reqUires both diaphorase and reductase activities as suggested by other authors (Schmidt et al., 1992a) .
The Larginine antagonist LNMMA, which strongly inhibits NO synthesis (Knowles et al., 1989) , did not affect NADPH-d activity.
Therefore, reduction of NBT does not appear to require the con-P-NADPH. version of L-arginine to citrulline and NO. This notion is in line with the idea that NO formation does not take place in fiied tissue.
In conclusion, this study provides a histochemical characterization of the NADPH-d activity of NOS. In addition to the finding that NADPH-d is specific for &NADPH, we support and extend previous knowledge from biochemical investigations that (a) NADPH-d activity and NO formation are two discrete activities of the same enzyme (NOS), (b) the NADPH-d activity of NOS does not require cytochrome P450 reductase activity or conversion of L-arginine to NO, and (c) NO formation involves both the domain of NADPH-d activity and cytochrome P450 reductase. Furthermore, it has become evident that diaphorase staining in the presence of NADPH does not necessarily represent NADPH-d activity of NOS.
